A LCOHOL READILY CROSSES the placenta and accumulates in the fetus at levels proportionate to maternal blood alcohol concentrations (Idanpaan-Heikkila et al., 1972) . Ethanol (EtOH) exposure causes cell death in neural regions of the human embryo and is attributed to the etiology of neurodevelopmental disability (Hannigan and Armant, 2000) . Prevalent features of fetal alcohol spectrum disorder (FASD) include a continuum of anomalies that occur in children exposed to alcohol during pregnancy (Wilhoit et al., 2017) . Facial and cranial anomalies and impaired behavioral and cognitive ability are associated with FASD (Hannigan and Armant, 2000) . Antenatal EtOH can cause fetal growth abnormalities, which has been attributed to the progenitor cytotrophoblast cell population and reduced proliferation of the syncytiotrophoblast within the chorionic villi, causing fetal growth restriction (FGR) (Axt et al., 1999b; Barrio et al., 2004; Erel et al., 2001; Levy et al., 2002; Smith, 1997) .
EtOH alters the physiological transformation of maternal spiral arteries and disrupts trophoblastic cell motility in a dose-dependent manner (Gundogan et al., 2008 (Gundogan et al., , 2010 (Gundogan et al., , 2015 . Pregnant rats exposed to chronic EtOH feeding demonstrated disruption of placentation, significantly lower levels of aspartyl-(asparaginyl) beta-hydroxylase, and impaired intrauterine growth development (Gundogan et al., 2008) . This can be shown by a Doppler interrogation of uterine vessels in humans. In this same study, damage occurred in the placenta and fetus leading to reduced trophoblast motility and invasiveness, smaller pups, and increased fetal demise (Gundogan et al., 2008) . The development of FGR associated with FASD can be linked to in utero EtOH exposure and poor trophoblast survival and dysfunction.
While apoptosis is essential for the architecture of placental development and invasion of trophoblasts into the spiral arteries, elevated apoptosis within placental cell populations is clearly associated with the pathophysiology of placentamediated disorders, including FGR and preeclampsia (Nishizawa et al., 2011; Sharp et al., 2010) . Apoptosis, together with mitosis, functions to control cell populations. The process is influenced by EtOH, causing increased cell death (Cartwright et al., 1998; Cheema et al., 2000; Ikonomidou et al., 2000) , which occurs in placentas of pregnancies complicated by FGR and preeclampsia (Allaire et al., 2000; Axt et al., 1999a; DiFederico et al., 1999; Erel et al., 2001; Smith et al., 1997) . Exposure of the human first-trimester cytotrophoblast cell line HTR-8/SVneo (HTR; Graham et al., 1993) to EtOH causes apoptosis demonstrated by DNA fragmentation (terminal deoxynucleotidyl transferase dUTP nick end labeling [TUNEL] ) and phosphatidylserine externalization (Annexin V binding) with a linear dose response between 25 and 100 mM EtOH (Wolff et al., 2007) . Trophoblast apoptosis is induced by EtOH through the endogenous pathway using caspase 9 and caspase 3. Apoptosis within the trophoblast population could disrupt placentation, leading to a reduction in nutrient transport, and producing endothelial dysfunction (Sharp et al., 2010) . The biological pathways disrupted by EtOH that induce trophoblast apoptosis are not completely understood and would add light on the etiology of FASD.
EtOH increases free cytoplasmic Ca 2+ and induces apoptosis in numerous models, including neural crest progenitors (Debelak-Kragtorp et al., 2003) and cerebellar granule neurons (Kouzoukas et al., 2013) . Cytoplasmic Ca 2+ is regulated by entry of extracellular Ca 2+ and its release from the endoplasmic reticulum through capacitative calcium entry (Huang et al., 2014; Putney and Bird, 2009) . In a study of embryonic neural crest development, EtOH-induced apoptosis was specifically blocked by chelation of intracellular Ca 2+ , or depletion of extracellular Ca 2+ , prior to EtOH exposure (Garic-Stankovic et al., 2005) . EtOH-dependent intracellular Ca 2+ release requires phosphoinositide-specific phospholipase C (PLC). Several blockers of PLC-mediated phosphoinositide production, including IP3 receptor antagonists, block apoptosis of EtOH-exposed fetal cells (GaricStankovic et al., 2005) . In each model, cell death is linearly associated with EtOH concentration or time of exposure (Debelak-Kragtorp et al., 2003; Flentke et al., 2014; Kilburn et al., 2006; Pantazis et al., 1993) . We established a similar mechanism of apoptosis in HTR cytotrophoblast cells acutely exposed to EtOH and found cell death to be dependent on both intracellular and extracellular Ca 2+ signaling (Bolnick et al., 2014) . In elucidating the apoptotic mechanism induced by EtOH, new intervention strategies for pregnant women exposed to alcohol might be devised.
Nifedipine is a dihydropyridine Ca 2+ channel blocker with strong arterial vasodilatory activity (Toal et al., 2012) . Nifedipine acts directly on vascular smooth muscle cells and peripheral resistance vessels, relaxing the cells, and thereby producing vasodilation to reduce systemic blood pressure (Chen et al., 2012) . However, there is growing evidence to suggest that Ca 2+ channel blockers, including nifedipine, also have direct positive effects on endothelial function (Chen et al., 2012) . Studies have suggested that the action of Ca 2+ channel blockers on vascular endothelial cells could suppress cellular damage caused by reactive oxygen species and that nifedipine can reduce the response of endothelial cells to exogenous activators and prevent apoptosis (Chen et al., 2010) . Ca 2+ channel blockers can prevent the morbidities associated with placenta-mediated disorders and improve pregnancy outcomes in women with chronic hypertension (Jiang et al., 2015) . Nifedipine causes hemodynamic changes in maternal-fetal unit, including a maternal cardiac afterload reduction as measured by Doppler studies. Physiological increase in cardiac output maintains the blood pressure; however, studies have shown no impact on the uteroplacental and fetal circulation, or fetal heart rate (Cornette et al., 2011; Lurie et al., 1990; Moretti et al., 1990; Scardo et al., 1996) . The available evidence suggests that oral nifedipine can be considered the first-line therapy for management of acute onset of hypertension in pregnancy, as well as in the postpartum period (Raheem et al., 2012; Shekhar et al., 2013; Vermillion et al., 1999) . Calcium channel blockers have been associated with an increase in maternal tachycardia and subsequent hypotension due to vasodilation of the blood vessels secondary to alterations of the cardiac output. As nifedipine has been used successfully in pregnant women, it might provide an intervention to reduce placental damage from consumption of alcohol by limiting trophoblast apoptosis due to EtOH-induced Ca 2+ signaling. As an initial step to evaluate this concept, we have investigated whether nifedipine can rescue human trophoblast cells from apoptosis due to alcohol exposure during in vitro culture. Here, we examined the effect of EtOH and nifedipine on intracellular Ca 2+ concentration, and correlations to EtOHinduced apoptosis in HTR cells, as well as firsttrimester placental villous explants.
MATERIALS AND METHODS

Human Cytotrophoblast Cell Culture
The HTR cell line was cultured in a mixture of Dulbecco's modified Eagle's medium (DMEM) and Ham's F12 (1:1; DMEM/F12; Life Technologies, Grand Island, NY) media containing 10% fetal bovine serum (Life Technologies). Culture medium was changed every 2 to 3 days, and cells were passaged with trypsin-EDTA solution (Life Technologies). Before experimentation, culture medium was replaced and cells were cultured serum-free in medium containing 5 mg/ml bovine serum albumin for 18 to 24 hours.
Villous Explant Culture
Placental tissues (n = 4; mean gestational age 8.5 weeks) were obtained with Wayne State University Institutional Review Board approval and patient-informed consent. Specimens were collected from first-trimester terminations at a Michigan family planning facility from otherwise healthy patients. Fresh tissue was placed on ice in phosphate buffered saline (PBS) and immediately taken to the laboratory for processing. The chorionic villi were dissected, cut into approximately 5 mg wet weight pieces, and transferred individually into DMEM/F12 culture medium supplemented with 10% donor calf serum and 1% antibiotic-antimycotic solution (Gibco, Grand Island, NY) in a 24-well culture plate (Costar, Corning, NY) for 24 hours of culture, as previously described (Bolnick et al., 2015) . Chorionic villi were cultured for 1 to 2 hours during all experimental procedures. Villous explants in each well were gently rinsed 3 times with PBS at the conclusion of culture and fixed for 30 minutes in 10% neutral-buffered formalin. Fixed villous explants were embedded in paraffin, and 5-lm sections were cut and mounted on glass slides. Paraffin sections were deparaffinized with xylene and rehydrated into Tris-buffered saline before immunocytochemical labeling or cell death assays.
Ethanol Exposure
EtOH (Mid-West Grain Company, Perkin, IL) was prepared at 50 mM in serum-free medium immediately before use in cell culture. Chorionic villous explants and HTR cytotrophoblast cells were also treated in certain experiments with 12.5 to 50 nM of the Ca 2+ channel blocker, nifedipine (Sigma, St. Louis, MO) for 1 hour before exposure to 50 mM EtOH. EtOH treatment was for 1 hour.
Intracellular Ca 2+ Measurement
HTR cytotrophoblast cells were grown to 50% confluence and cultured overnight in serum-free medium in 96-well strip plates (2,500 cells/well). Cells were loaded with 4 lM fluo-4-AM (Life Technologies) for 30 minutes at 37°C, followed by 2 rinses with modified BWW medium (Sigma). Intracellular Ca 2+ transients were monitored cells by illuminating at 10-second intervals for fluorescence evaluation. Images were taken with a Leica (Wetzlar, Germany) DM IRB epifluorescence microscope interfaced with a Hamamatsu Orca Digital camera (Hamamatsu City, Japan). Fluorescence intensities were analyzed using Simple PCI imaging software (Hamamatsu). Mean fluorescence intensity was evaluated over an entire field of cells, and intracellular Ca 2+ concentration ([Ca   2+ ] i) was calculated using the following formula:
where Kd (345 mM) is the dissociation constant of the Ca 2+ indicator, F is the fluorescence intensity, F min is the relative background fluorescence, and F max is the maximum fluorescence intensity obtained after equilibrating intracellular and extracellular Ca 2+ with 5 nM ionomycin at the end of each experiment.
Cell Death Assay
HTR cells were cultured and treated in 96-well plates, and villous explants were cultured and treated in 24-well plates. Cell death, measured as DNA fragmentation, was detected by TUNEL, using a fluorescein-based kit from Roche Applied Science (Indianapolis, IN). Cells were counterstained with 5 lg/ml 4,6-diamidino-2-phenylindole, HCl (DAPI; EMD Biosciences, Burlington, MA). Fluorescent nuclei were imaged at 409 magnification, and Simple PCI imaging software was used to count total DAPI-labeled and TUNEL-positive nuclei for each field. The percentage of TUNEL/ DAPI-labeled nuclei (TUNEL index) was calculated by averaging triplicate fields in each well.
Measurement of Caspase Activity
The activation of caspase 3 and caspase 9 was measured by fluorometric assays, as previously described (Marino et al., 2013) . Briefly, treated cells were lysed for 30 minutes at 4°C in 130 ll of lysis buffer (1% NP-40 [IGEPAL], 10 mM TRIS-HCl [pH 7.4], 10 mM NaCl, 3 mM MgCl 2 , 1 mM PMSF, 1 mM leupeptin, and 0.3 mM aprotinin). Cell lysates were centrifuged at 16,0009g for 15 minutes, and total protein concentration was determined using the Bradford protein assay. Protein (35 lg) was diluted in assay buffer (20 mM HEPES, 132 mM NaCl, 6 mM KCl, 1 mM MgSO 4 , 1.2 mM K 2 HPO 4 , pH 7.4, 20% glycerol, and 5 mM DTT) and incubated at 37°C for 2 hours with 50 lM of either Ac-DEVD-AMC or Ac-LEHD-AMC as substrates for caspase 3 and caspase 9, respectively. The release of AMC due to the cleavage of DEVD or LEDH by active caspase 3 or caspase 9 was read at 355 nm excitation and 460 nm emission wavelengths using an H1 microplate reader (BioTek, Winooski, VT).
MitoTracker and Cytochrome c Staining
HTR cells grown in 8-well cell culture slides were rinsed with PBS and fixed using freshly prepared 4% paraformaldehyde in PBS, pH 7.4, for 30 minutes at room temperature. Fixative was removed, and cultures were washed in PBS and permeabilized with 0.1% Triton X-100, for 10 minutes, at room temperature. The cells were then dual-labeled by incubating overnight at 4°C with 100 nM MitoTracker Green FM (Invitrogen Corp., Carlsbad, CA) and a rabbit monoclonal antibody against cytochrome c [EPR1327] (Abcam, Cambridge, MA). After overnight incubation, cells were washed 3 times with PBS. For cytochrome c staining, primary antibody was visualized with 0.3 lg/ml Texas Red-conjugated secondary antibody (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) and counterstained with 5 lg/ml DAPI. Fluorescence was imaged and captured using an epifluorescence microscope and digital camera.
Statistics
Assays were conducted in triplicate, and all experiments were repeated at least 3 times and on separate days with different cell preparations. Data were analyzed using SPSS Version 21.0 (IBM Corp., Armonk, NY). For experiments in which time was the variable, 1-way analysis of variance (ANOVA) was conducted to examine TUNEL index. Following significant ANOVA, Tukey's method was used for mean separations. For assessment of Ca 2+ blocker on EtOH-induced cell death, independent-sample t-tests were used to detect the effects of EtOH. One-way ANOVA with Tukey's post hoc test was performed across the treatments. Differences were considered significant at p < 0.05.
RESULTS
Nifedipine Attenuates Ethanol-Induced Elevation of Cytoplasmic Free Ca
2+
The effect of nifedipine on Ca 2+ signaling in trophoblast cells during EtOH exposure was evaluated. Intracellular Ca 2+ was monitored in real time after exposing HTR cells pretreated with 0, 12.5, 25, or 50 nM nifedipine to 50 mM EtOH. Fluorescence images of nearly confluent cells preloaded with fluo-4-AM were captured at 10-second intervals before and after addition of vehicle or EtOH (Fig. 1) . Intracellular Ca 2+ concentrations increased synchronously in trophoblast cells within 10 seconds of exposure to 50 mM EtOH, rising from 95.6 AE 12.8 nM to 1,230.8 AE 319.4 nM after 90 seconds of exposure, followed by a return to baseline over the next 5 minutes. The increase in intracellular Ca 2+ was significantly blocked in cells pretreated with 50 nM nifedipine (Fig. 1) , but not at lower concentrations.
Nifedipine Prevents Ethanol-Induced Apoptosis
HTR cells and first-trimester chorionic villous explants pretreated with vehicle displayed an increase in apoptosis after exposure to 50 mM EtOH, as assessed by TUNEL. Cell death (mean AE SEM) increased significantly from 4.3 AE 0.4% to 11.8 AE 0.6% in HTR cells ( Fig. 2A) and from 16.2 AE 0.5% to 29.1 AE 1.3% in villous explants (Fig. 2B ) after exposure to 50 mM EtOH (p < 0.05). Pretreatment of the cells with nifedipine prevented the EtOH-induced cell death detected by TUNEL (p < 0.05; Fig. 2A-H) . The apoptotic pathway is mediated by a cascade of cysteine proteases (Riedl and Shi, 2004) , including the initiator caspases, 8 and 9, and the effector caspase, caspase 3. Caspase 3 and caspase 9 proteolytic activity was measured in HTR cells using fluorogenic substrate for caspase 3 (Ac-DEVD-AMC) and caspase 9 (Ac-LEHD-AMC). Cleavage of the substrates was monitored by measuring the fluorescence of released AMC and revealed elevated activity of both caspase 9 (Fig. 3A) and caspase 3 (Fig. 3B ) after cells were exposed to 50 mM EtOH for 1 hour (p < 0.05). Furthermore, we found that the significant elevation of both caspase (3 and 9) activities in EtOHexposed cells was attenuated with nifedipine pretreatment (Fig. 3A,B) . Based on these findings, it appears that nifedipine can prevent the activation of the apoptotic pathway in human cytotrophoblast cells exposed to EtOH.
Nifedipine Prevents Release of Cytochrome c from Mitochondria During Ethanol Exposure
To investigate whether cytochrome c is released during EtOH-induced apoptosis, cytochrome c localization was analyzed in HTR cells using immunofluorescence. HTR cells pretreated with vehicle displayed a strong peri-nuclear colocalization of MitoTracker Green and cytochrome c staining (Fig. 3C) . After 1 hour of exposure to 50 mM EtOH, HTR cells released cytochrome c into the cytosol, indicated by the diffuse expression pattern (Fig. 3C) . These observations suggest that the release of cytochrome c is an early event in EtOH-induced apoptosis. Pretreatment of the cells with nifedipine blocked the EtOH-induced release of cytochrome c (Fig. 3C) .
DISCUSSION
Human trophoblast functions are important for proper implantation and fetal development. These cells control hormone production and secretion and are imperative for fetal survival because they regulate the maternal-fetal interface (Novakovic et al., 2011) . Anomalies in the formation of the fetal-maternal interface along with cytotoxicity-induced trophoblast dysregulation contribute to abnormal pregnancy complications (McAleer and Tuan, 2004 ; Red-Horse et al., signaling was monitored, as described in the Materials and Methods section. After 90 seconds, HTR cells were exposed to 50 mM EtOH and monitored for an additional 270 seconds (A). HTR cells loaded with fluo-4-AM were pretreated with 50 nM nifedipine, and intracellular Ca 2+ signaling was monitored (B). After 90 seconds, HTR cells were exposed to 50 mM EtOH and monitored for an additional 270 seconds. In all experiments, ionomycin was added after 300 seconds to equilibrate intracellular and extracellular Ca 2+ in order to calculate the intracellular concentration.
2004). Abnormal placenta trophoblast proliferation and apoptosis are related to the development of placentamediated disorders and could be involved in the pathogenesis of obstetrical adversities including preeclampsia, FGR, abruption, and fetal demise (He et al., 2013) . Exposure to EtOH initiates cell death in chick and mouse embryos during gastrulation (Debelak-Kragtorp et al., 2003; Kilburn et al., 2006) ; therefore, we have investigated the mechanism of cell death in EtOH-exposed human trophoblast cells. EtOHinduced cell death is also contingent on elevation of intracellular Ca 2+ concentrations (Debelak-Kragtorp et al., 2003; Garic-Stankovic et al., 2005) . Therefore, nifedipine, a commonly administered Ca 2+ blocker used to treat pregnancy complications was investigated.
The present study confirms our previous finding that the intracellular Ca 2+ concentration increased synchronously in trophoblasts within 10 seconds of EtOH exposure, followed by activation of the caspases 3 and 9, and an increase in cell death within 1 hour (Bolnick et al., 2014) . A major caspase activation pathway is the cytochrome c-initiated pathway. In this pathway, apoptotic stimuli cause cytochrome c release from mitochondria, which induces a biochemical cascade that activates caspase 3 prior to cell death (Jiang and Wang, 2004) . This study revealed EtOH exposure-induced mitochondrial damage and release of cytochrome c into the cytosol, implicating this pathway as an early event in EtOHinduced apoptosis. EtOH-induced apoptosis in human firsttrimester trophoblast cells is dependent upon both were pretreated with 0 or 50 nM nifedipine for 1 hour and then exposed to 50 mM of EtOH for an additional hour. Cell death was assessed using TUNEL. TUNEL Index was calculated by dividing the number of TUNEL-positive cells by total nuclei (assessed by DAPI) per field. *p < 0.05 compared to vehicle. Columns and error bars represent mean AE SEM. Representative images of villi treated as indicated and double-labeled using fluorescent indicators to visualize DNA fragmentation by TUNEL (C-E) and nuclei labeled with DAPI (F-H).
intracellular and extracellular Ca 2+ signaling (Bolnick et al., 2014) . We found that nifedipine prevented the production of an EtOH-induced Ca 2+ transient and rescued first-trimester trophoblast cells from apoptosis. There is evidence suggesting that Ca 2+ channel blockers have direct positive effects on endothelial dysfunction, which is common in placentamediated obstetric disorders (Brown et al., 2000; Magee et al., 2005; Raheem et al., 2012; Rey et al., 1997) . While the effect of nifedipine on chronic EtOH exposure is not fully understood, the short-term effects of nifedipine in trophoblasts acutely exposed to EtOH expand the knowledge of the underlying mechanisms of EtOH-induced apoptosis. Reduction in Ca 2+ signaling by nifedipine in pregnancies compromised by EtOH exposure, or in other etiologies that induce trophoblast cell death, could benefit patients at risk for FGR. Fig. 3 . Nifedipine prevents release of cytochrome c from mitochondria during ethanol (EtOH) exposure. HTR cells were treated with vehicle, EtOH, or pretreatment with 50 nM nifedipine for 1 hour and then exposure to 50 mM EtOH for an additional hour. Caspases 3 and 9 proteolytic activities were measured in HTR cells, using fluorogenic substrates for caspase 9 (A) and caspase 3 (B). Immunofluorescence images are shown for MitoTracker (green), cytochrome c (red), and merged fields, as indicated (C). DAPI nuclear counterstain (blue) is included in the merged images. Bars, 50 lM.
There is a strong association between the EtOH dose dependency of apoptosis and intracellular Ca 2+ concentration in cytotrophoblast cells. Cells exposed to 50 mM (229 mg/dl) or higher EtOH show a significant increase in both apoptosis and intracellular Ca 2+ concentration. Similar cell culture studies have shown that these values are similar to blood alcohol levels in pregnant alcoholics (Kouzoukas et al., 2013) . The increase in cell death and reduction in proliferation of human cytotrophoblasts treated with EtOH (Wolff et al., 2007) are consistent with previous studies conducted with animal models (Kilburn et al., 2006; Smith, 1997) . In this investigation, EtOH concentrations were chosen representing social and binge alcohol consumption.
Previous studies investigating the signaling pathways responsible for the effects of EtOH in human trophoblast cells were conducted with an immortalized trophoblast cell line (Bolnick et al., 2014; Wolff et al., 2007) . We included primary first-trimester chorionic villi to validate the mechanism. Primary tissue responded similarly to cell lines. All experiments using the HTR cell line were conducted in serum-free medium, which while not optimal for cell growth, does not induce increased apoptosis.
The findings of this study support the hypothesis that maternal alcohol consumption during pregnancy could induce apoptosis of trophoblasts and interfere with trophoblast accumulation in the developing placenta. Prenatal alcohol exposure affects all organ systems and can cause cell death, vasoconstriction of blood vessels, oxygen deprivation to the placenta, and neurological impairment (Hannigan and Armant, 2000) . Alcohol-related abnormalities cause learning and attention deficits, mental impairment, microcephaly, and FGR (Ornoy and Ergaz, 2010) .
The effectiveness of nifedipine in preventing cell death and its current use therapeutically in pregnant women suggest that it could provide a safe and effective pharmacological intervention to reduce risk of FGR in women using alcohol during pregnancy. However, clinical and preclinical studies are required to validate the implications of this in vitro investigation and establish the effective timing for nifedipine usage relative to alcohol intake. The findings of this study support the hypothesis that alcohol consumption during pregnancy could jeopardize trophoblast expansion in the early developing placenta due to increased apoptosis. Apoptosis among the invasive extravillous trophoblasts, represented by the HTR cell line, would be particularly devastating as those cells are responsible for remodeling the uterine arteries to high-volume, low-resistance vessels that permit maximal perfusion of the intervillous space by maternal blood (DiFederico et al., 1999) . In the chorionic villi, apoptosis increases the release of trophoblastic debris into the maternal circulation that could activate endothelial cells, which contributes to the occurrence of preeclampsia (Allaire et al., 2000; Redman and Sargent, 2005) . Intracellular Ca 2+ signaling plays a central role in the underlying mechanism, and nifedipine or other drugs that interrupt the apoptotic pathway downstream of EtOH exposure could provide a novel strategy for intervention in women with fetuses at risk for FASD.
